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Abstract : Tlic latest large electron positron co llie r (LEPl) results from searches for the 
Higgs boson of the Mjnjmal Standard Model (MSM), a i^  for neutral and charged Higgs bosons 
of non-minimal Higgs models are reviewed from the fo«ir LEP experiments at CERN • ALEPH, 
DELPHI, L3, and OPAL. A total of about 16 million hadronic Z decays were recorded between 
] 989 and 1995 at the Z resonance. Much progress has been made due to the analysis of new data 
sets. Preliminary results of Higgs boson searches at LEP2 are presented.
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1. Introduction
The first Z  boson was registered on August 13 ,1989 at L E P l, and after about six years o f 
data-taking at the Z resonance, large data sets with increasing lum inosity were recorded 
each year. In 1994, the design lum inosity was exceeded with m ore than L 6 m illion 
hadronic Z  boson decays recorded per experim ent. In 1995, the LH Pl m achine was 
upgraded for higher cenier-of-m ass energies (LEP2) and started data*taking above the Z  
resonance. The integrated lum inosity delivered to each LEP experim ent is shown in 
Table 1. In 1997, LEP2 will run at about 184 GeV, and at a later stage, higher energies will 
be reached [1 ].
Table 1. Integrated liiminositie.<; delivered to each LEP experiment.
Year
JU pbh
1990
7.6
1991
17.3
1992
28.6
1993
40.0
1994
64.5
1995
40.0
Year 1995 1995 1995 1996 1996 1996
Vf (GeV) 130 136 140 161 170 172
A pb-‘) 2.7 2,5 0.1 10.0 1.1 10.9
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Present address : Karlsruhe University, DELPHI, CERN EP CH-1211, 
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llie large data set allows one of the most challenging quests o f experim ental particle 
physics to be pursued : the search for Higgs particles |21. The experim ental evidence o f  
Higgs bosons is crucial for understanding the mechanisms of .ST/(2) x  f /( l)  sym m etry 
breaking and the mass generation in gauge theories. The Higgs mass is a free param eter in 
the MSM. Unlike the top, measurements of the Z-lineshapc have very low precision lo r the 
Higgs mass, as illustfated in bigure 1 (from [.3]).
Figure 1. on tlie Higgs 
boson mass from Z-Iineshape 
measurements in the MSM. 
Ttie upper mass limt. including 
the theoretical uncertainty, is 
550 GeV at 95% CL.
This article reviews the search for the MvSM Higgs (Section 2), and the search for 
non-minimal Higgs bosons (Section 3). Interpretations are summarized based on the two- 
doublet Higgs model (Section 4) and tlie M inimal Supersym m etric S tandard  M odel 
(MSSM) (Section 5). Preliminary results at LEP2 energies are presented (Section  6 ), 
Previous reports are given for example in [4, 5].
2 . M SM  Higgs search
The expected Higgs boson event rate [6] for the bremsstrahlung process [7 ] is know n to 
better than 1%, including radiative corrections [8], The expected num ber o f H iggs boson 
events per 1 million hadronic Z decays is shown in Figure 2.
rhe Higgs and Z decay modes determine the event signature in the detectors. H iggs 
bosons with low masses decay into e^e and pairs, for intermediate m asses they decay 
into light hadrons and pairs, and for high masses they decay predom inantly into bB 
pairs.
2.7. High-Mass Higgs bosons:
The Z  decay mode characterizes the search channel. The leptonic channels are very 
important because of their distinct topologies. ITie hadronic channel Z  Z ‘ qTjH is
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not used at L E P l due to large QCD background. Typical Higgs event signatures arc 
illustrated in Figure 3.
Figure 2. MSM Higgs 
production rate a.s a Uinction 
ot the Higgs boson mass
I'V Figure 3. Schematic views ot high-mass Higgs event topo­
logies in Uie leptonic channels
Expected signal efficiencies and background rates are shown for tJie neutrino 
channel in Figure 4 (from [9]).
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Figure 5 (from  [10]) shows a  Z * H candidate event which has passed 
all o f the selection criteria.
Table 2 lists the Higgs boson candidates [9-12] with mn > 30 GeV. The most precise 
m easurem ent o f  the m ass corresponding to the Higgs candidate mass is calculated from the 
e^e~ and pairs (recoiling mass).
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TT,e origin of the event candidates is well undei^tood. They are a result of 4 -fe™ o n  
backgmund. L i t  production graphs are shown in Figure 6. Bremsstrahlung (a) and 
conversion (d) processes are very important when all Higgs boson selection cuts have
been applied.
POSITIVE MUON-^
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Figure 5. OPAL Higgs candidate 
mff = 61.2 GeV
The spectrum of the mass recoiling to the lepton pair, corresponding to the 
Higgs mass, is shown in Figure 7 (from [11]) before a cut on this variable is applied. ITie
Table 2. MSM Higgs boson candidates.
Expenmem Event Type Year Mass (GeV)
ALEPH 1993 51.410.5
1994 49 7 ± 0 5
1995 66 9 ± 0 3
OPAL 1993 61.21 1.0
L3 1991 31.41 1.5
1992 67.610 7
DELPHI 1991 35.915.0
(prcl.) 1993 75.010.7
simulated 4-fermion spectrum is in full accordance with the data. Only three out of the 
thirteen events in the mass region above 50 GeV are likely to be fe-flavored and thus 
selected, as listed in Table 2. About nine 4-fermion events are expected from all four LEP 
experiments, and eight are observed. It should be noted that about two vVq^ background
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events are expected but none are observed. Table 3 summarizes the Higgs mass limits in the 
M SM 11U 2,9 ,10 |.
a )  Bremsstrahlung h ) Miiliiperipheral 
(2'photon)
Y.Z
c) Bremsstrahlung d )  Conversion
q
q
Figure 6. Feynman graph.^ of 
4-fermion background reactions
Figure 7. ALEPH : 4-fermion 
simulation and data.
Hodronic Moss (GeV/c*)
The number of expected Higgs events are shown in Figure 8 (from flO]) for the 
e^e' and vT channels. The limit is set using Poisson statistics. In a mass region 
without a Higgs candidate the 95% CL limit is set where the sum of the expected events 
is three.
42
Table 3. MSM Higgs boson mass limits from ALEPH. DELPHI, L3 and OPAL.
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Hxperimt*nl ALEPH DELPHI
prel.
L3 OPAL
Data Saniplf 89 95 90-93 90-94 90-95
/-V  w  x in '’ 4 5 I 6 3.1 4.4
Ma.s'5 Li nil f
(Cn*V) 6^9 58.3 60.2 59.6
Figure 8. OPAL : Expected MSM
2.2. C o m b i n e d  L E P J  l i m i t :
1 he number of expected event', is given for each LEP experiment (11,12,9,10], and shown 
in f igure 9 lor combined data corresponding to a total of 13.6 milUon hadronic Z  decays. In 
good approximation, a combined Higgs ma.ss limit can be set by the sum m ation o f  the 
number of expected Higgs events. The calculation o f the 95% CL lim it takes the 
background events into account and corrects for up to 25% reduction because o f  tighter 
selection cuts with increasing staUstics. The combined mass lim it is 65.6 GeV. Previous 
lunits with this methcKl were reported ; 59..3 GeV (1992) 11.3], 63.5 CieV (1994) [14], and 
65.1 (ieV (1995) (5j. Figure 9 shows that with larger statisUcs irreducible 4-ferm ion 
background remains and significantly reduces the sensitivity. The m icrovertex h-quark 
crucial to limit tlic background rate.
The evolution of the published Higgs mass limits is shown in F igure 10 The 
sen.su.vay can be extrapolated assuming 50% efficiency in the . e*e- and W  channels, 
l^ e  combined LEPl limit also lies below the extrapolated line, as all the experiments have 
a justed their event selection according to their own maximal visible Higgs mass. The
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comWiied mass limits vary only slighUy when using other statistical methods under study in 
the current LEP Higgs working group.
Hilsgs m ass (GeV)
Figure 10. Higgs mass limits and 
extrapolation of sensitivity
Number of hadronic Z decays (xlOOO)
3. Non-m lnim al Higgs boson search
There are four classes of searches for non-minimal Higgs bosons ; a) searches for Higgs 
brem sstnhiung with reduced production rates compared to the MSM prediction, b) neutral
Higgs pair-production, c) charged Higgs pair-production, and d) H iggs-strah lung  o ff  
h-quarks or T-leptons. The production graphs are shown in Figure 11.
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Figure 11. Non>mimmal Higgs 
boson production.
3.1. Invisible Higgs boson search ;
Supersymmetric models with broken /?-parity o r possible h  ^ decays w here ^  is
the lightest Supersymmetric particle predict invisible Higgs decays. Such invisible H iggs 
bosons are searched for in bremsstrahlung production (Figure 1 la )  in analogy with the 
MSM Higgs boson [11,12,9,10]. The Z c * e - ,  and channels are im portant. 
Larger sensitivities are reached compared to the MSM search, as the Z —>q^  channel gives
invisibly decaying Higgs bosons as 
a function of the miiung angle 
sin^d, at 95%CL. S and H are the 
Higgs bosons in the Majoron 
model for = r// = 0.
a clean signature for the invisible Higgs. Interpretations as m ass lim its are g iven  in 
M ajoron-type models [15] with one Higgs doublet and one Higgs singlet, as show n in 
Figure 12 (from [16]) based on [9).
3.2. Z -^ h A  search :
In the decay channel with four je ts  a good hadronic m ass reso lu tion  a llow s the  
reconstruction o f both o f the Higgs masses. M any 4-jet events pass the event-shape and 
invariant mass selection cuts. A further event selection is based on the fac t tha t 
Higgs events produce h-flavored jets. These je ts can be selected as B m esons have a  long 
lifetime ( tg  *  1.5  ps) and thus a  larger num ber o f secondary vertices can be detected . 
All LEP experim ents are equipped with m icroveitex detectors. These detec to rs allow
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6-flavored je ts  w ith secondary vertices to be tagged. Figure 13 (frcun [17]) shows such 
a  bbbb candidate.
Figort 13. DELPHI: b-jtt tagging 
using a microveitex detector. 
Central beam position and 
secondary vertices are marked.
All m ass com binations up to the kinem atic production threshold dre scanned. N o 
signal above the QCD background expectations is observed. The lim its on F iZ -*  HA) / 
r { Z - ^ q l J )  vary w ith m/, and m^. These lim its are o f  the order o f  10** to  1(H  
[18.17.19,20].
3.3. Z  -* H*H- search :
For hadronic cscs decays, a sim ilar signature as for the bbbb channel is expected, however, 
on the one hand, owing to equal H* and H  m asses, harder kinem atic constraints can be 
applied, and a  charged Higgs m ass resolution of about 1 G eV  is expected. O n the o ther 
hand, due to the shorter D -m eson  lifetim e no jet-flavor-tagging can be ^ tp lie d  in the 
cscs channel, and m ore irreducible background events rem ain, as show n in F igure 14 
(from [20]).
Figure 14. OPAL cscs invariant 
mass.
For csTv decays, event-sluqie selection cuts and the requirem ent o f an isolated r le a d  
to a  good background rejection. A fter all the selection cuts, a  Higgs signal w ould be cleariy 
visible in the reconstructed jet-jet invariant m ass distribution.
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For TVTV decays, a good separation o f sim ulated Higgs signal and Z  —> x^x~ 
background can be achieved using the acoplanarity angle.
4, Interpretation in the 2-Doublet Model
ftoduction rates for Higgs boson bremsstrahlung and neutral Higgs boson pair-production 
are complementary. ITierefore, a Higgs boson cannot escape detection if it is kinem atically 
accessible. The search for Higgs bremsstrahlung in the MSM Higgs decay channels with 
reduced production rates is particularly important. The experimental results set limits on the 
parameters of the general two-doublet Higgs model.
4 .L  N o n -m in im a l neu tra l H iggs b o s o n s :
The combined LEP limit from Higgs boson bremsstrahlung searches in F igure 9 can be 
interpreted as a limit on the parameter sin^(J}-a) of the two-doublet Higgs mcxlel, shown in 
Figure 15.
Figure 15. Ljmit on sin^ (ft a).
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The value can be constrained by precision Z-lineshape [21] measurements
owing to the large production rate o f Z  M . Any non-minimal M SM  contribution to the 
Z-w idth larger than 23 M eV is excluded a t 95%  CL [22]. This value is the result o f  a  
com parison o f the m easurem ent and theoretical prediction. The production rate of Z - ^ h A  
depends on the Higgs boson m asses and the cos^Hfi-d> value. A  limit on is shown
in F igure 16 (from  [22]). As a  consequence, the com bination o f  sine and cosine lim its 
excludes a  large region in the (ni/,, m^) param eter space, as shown in B gure  17. Figure 18 
(from [17]) shows DELPHI limits on (m^, m^) from direct seircbes.
Figare  17. Limits oo (/rj,, n^).
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4.2. N on-m in im i charged Higgs bosons:
In the two-doublet Higgs model the charged Higgs boson production rate is only a 
function of the charged Higgs mass [23]. Figure 19 (from [20]) shows 95% CL mass 
limits on charged Higgs bosons as a function of their leptonic branching ratio obtained from
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Figure 19. OPAL: Charged Higgs 
mass limits from direct searches.
the searches in the cscs, csrv and rvrv decay channels. Other results are reported 
in [19, 24, 25].
Figure 20. ALEPH : Excluded 
regions from e  ^c " f f  ffA  
searches.
Previously, limits for the bremsstrahlung process (Figure lid )  were reported by L3 [19]. 
Figure 20 (from [26]) shows results by ALEPH as 95% a  limits in the (»u. tan^ plane.
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S. Interpretation In the MSSM
The M SSM  Higgs boson production rates and decay branching ratios are functions o f the 
H iggs boson m asses. W hen the radiative corrections to the tree-level calculations arc 
included, the production rales and decay branching ratios 'w ill also depend on a large 
num ber o f unknown param eters o f the Supersymmetric model [27]. The effect o f radiative 
corrections is illustrated  in F igure 21 (from  [28]). Regions are shown where more 
than 250 Z -*  h A events per 1 million hadronic Zdecays are expected for (a) no. (b) small.
Figure 21. Regions wtih large 
Z HA prtxluchon de^vnding on 
the amount i>f radiative ctMTevtions 
in the MSSM
f".^  iO
E .
ts i / / /  -
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Figure 22. Al.EPH DELPHI. L \  
OPAL MSSM results 'Hie dark 
region is exdudeil. the hatched 
region allowetl and the light region 
not allowed by die theory.
(c) large and (d) very large radiative corrections (»if = 1 TeV). Cornpared to the tree-level 
calculalioiit (Figure 21a), the (»!«. m^) param eter space is largely extended.
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The LEP experiments have interpreted their results as a  function o f top and stop 
masses. Figure 22 (from [17-20]) shows the MSSM results o f the four LEP experiments for 
independent variation over top and stop masses (except DELPHI, which has fixed ttq> and 
stop masses). An analysis with greater theoretical precision [29] has revealed  a 
new unexcluded mass region as shown in Figure 23 marked widi thick contour lines. Further
Figure 23. MSSM results with full 
one-loop radiative corrections.
searches for intennedtate-mass Higgs bosons could reduce this region. In addition to m , , 
the effects of other Supersymmetric particles on Higgs boson cross sections and branching 
ratios are signilicant. Ibis plot is based on the L3 results [19] given in Figure 22.
6. Preliminary LEP2 results
Ihe prcwpccts of I ,HP2 arc discussed in [30J. The increase o f the center-of-mass energy at
I.LP2 extended the reach of Higgs boson searches. Figure 24 (from [31]) shows the ALEPH 
mass limit including the data taken at 172 GeV center-of-mass energy. The cuircnt 
expected combined sensitivity is about 77 GeV (30]. In the framework o f the M SSM . LEP2 
results constrain the parameter region further as shown in Figure 25 (from [32]).
7. Conclusions
» M S M e « p c c u , t . o , . s .  T ie  p«-L E P  „pec(adons for <he » „ s i0 v l»  range o f
l . tP l  were ahoo, 30 GeV |27i. while a Higga raasa larger Oran 60 GeV has a l r L y  been 
exrleded  by .ndlvidoal L liP l searches. The corabined L E P l lind , T ro ra te  ^  
espenraents on Ihe MSM Higgs hwra, raas.s is 65.6 GeV ac 95% CL.
lo v a r i l r i i T i * ” '’'? h '” “ '  •»»»"* • « >arious lim its on thetr production rates. Charged Higgs bosons are excluited
mdepcndently o f the decay mode up to the kinemaUc reach of LEPI of about 45 GeV Mast
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limits and limits on sin? 0 -o ^  and cos^ are obtained. The large data set is important 
for the higher sensitivity o f Higgs bremsstrahlung production and neutral Higgs pair- 
production, as both production rates are unpredicted. In the MSSM, L E Pl has almost 
covered the kinematically accessible parameter mass regiMi and excluded it.
Figure 24. ALEPH ; LEP2 MSM 
limit.
Preliminary LEP2 results are released for the MSM and MSSM Higgs boson search. 
No indication o f a Higgs bo.son signal has been observed.
» x  *“ ■ 
c  •
S •
h Z 'i 'h A
« S X E x d .
Figure 25. DELPHI : LEP2 
MSSM limit.
The prospects o f the MSM Higgs search at LEP2 will predominanUy depend on the 
achievable center-of-mass energy. The MSM Higgs boson reach will be 90 to 100 GeV. 
W ith a large center-of-mass energy almost the entire allowed (m/,, nu ) parameter space 
o f the M SSM  will be accessible. The sensitivity mass range for a  charged Higgs boson
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depends largely on the total integrated luminosity, and will extend to about 70 GeV for
f^=500pb-' [30.331.
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